Abstract We use controlled N-body simulation to investigate the dynamical processes (dynamical friction, tidal truncation, etc.) involved in the merging of small satellites into bigger halos. We confirm the validity of some analytic formulae proposed earlier based on simple arguments. For rigid satellites represented by softened point masses, the merging time scale depends on both the orbital shape and concentration of the satellite. The dependence on orbital ellipticity is roughly a power law, as suggested by Lacey & Cole, and the dependence on satellite concentration is similar to that proposed by White. When merging satellites are represented by non-rigid objects, Tidal effects must be considered. We found that material beyond the tidal radius are stripped off. The decrease in the satellite mass might mean an increase in the merging time scale, but in fact, the merging time is decreased, because the stripped-off material carries away a proportionately larger amount of of orbital energy and angular momentum.
INTRODUCTION
Minor mergers, in which a small object (the satellite) merges into a large one (the host), is an important phenomenon in galaxy formation and evolution. In the hierarchical cosmogony such as the cold dark matter (CDM) model, where the build-up of cosmic structure proceeds from small to large scales, mergers of small dark matter halos and galaxies into larger systems are expected to be common.
There are two key dynamical processes involved in such minor mergers. One is dynamical friction, which is the resistance force experienced by a merging satellite as it goes through the medium of mass particles, and the other is tidal stripping, by which the material in the outer part of the satellite is stripped off due to tidal force of the host. Simple analytic models have been proposed to describe these processes. For the dynamical friction, a widely adopted model is the Chandrasekkar's dynamical friction formula (Chandrasekkar 1943) . This formula was derived under the assumptions that the satellite is a point mass and that the host is a uniform distribution of mass particles. Although subsequent numerical simulations show that Chandrasekkar's formula may be a good approximation in cases where the assumptions made in the derivation are valid (e.g. Bontekoe & van Albada 1987) , it still remains unclear how accurate the formula is for realistic systems where the satellite is extended and can be stripped by tidal force, and where the host may have a significant density gradient. Indeed, as discussed in White (1976) , the concentration of the satellite can affect the dynamic friction significantly. Tidal stripping is usually modelled with the tidal approximation. Although the tidal radius predicted by the tidal approximation may be used to characterize the place where mass stripping becomes significant, tidal heating may cause the satellite to expand, thus the tidal truncation is not sharp at the tidal radius (Hayashi et al. 2002) . Furthermore, tidal stripping can also affect the dynamic friction exerted on the satellite.
Ideally, we should use cosmological simulations to study minor mergers in cosmic structure formation where the orbits of the mergers and the structures of both the host and satellite are modeled realistically. Unfortunately, because of the limited numerical resolutions, satellites can only be sampled by a small number of particles, and so it is difficult to model the relevant processes accurately. In addition, in a cosmological simulation different processes may work simultaneously and it is difficult to figure out the importance of the individual processes.
In this paper, we carry out a series of controlled simulations of minor mergers to investigate how dynamical friction and tidal stripping affect the merger of satellites into host halos. The simulations are designed to cover a relatively large range in orbital configuration, in the mass ratio between satellite and host and in the concentration of the satellite. Satellites are either assumed to be rigid, thus the tidal effect is irrelevant, or are represented by a large number of particles when studying the effects due to tidal stripping. The outline of this paper is as follows. In Section 2 we present our halo model and describe the simulations. In Section 3 we show the results for rigid satellites to demonstrate how the merging time depends on the concentration of the satellite. Results for non-rigid satellites are given in Section 4 to demonstrate how tidal stripping affects the merger time scale, and we also discuss how tidal interaction affects the structure of the satellite. Our main conclusions and a further discussion are given in Section 5.
NUMERICAL EXPERIMENTS
We use GADGET, an N -body code developed by Springel, to perform the simulations. Details about this code and its performance can be found in Springel et al. (2001) . The code is an N -body/SPH-code in C, specifically designed for the simulation of galaxy formation and interaction. The gravitational interaction is either computed with a Tree algorithm or with the special-purpose hardware GRAPE. In the present work, the SPH part of GADGET is not used, and we just treat the halo material as collisionless particles. The Parallel version of GADGET-1.1 is employed in these simulations.
We consider two models for the initial host halos. In one model, the halo profile is a truncated isothermal sphere as described in Binney & Tremaine (1987) :
where V c is the circular velocity, and the profile is truncated at a radius R = 50 kpc so that V c is related to the mass of the halo by V profile (1990),
where M is the total mass of the halo and a is a scale parameter, related to the half-mass radius (within which half of the halo mass is contained) by a = R h ( √ 2 − 1). A comparison between the two halo types probes the effect of halo profile. Note that the Hernquist profile can be used to approximate a CDM halo with the Navarro, Frenk & White (1996) profile in the inner region, as shown in Fig. 1 . All host halos are constructed using the distribution functions assuming isotropic velocity dispersion. We evolve each halo over about 20 dynamical times to ensure that the prepared halo is stable. In most of our simulations we used 10 4 particles to represent the host halo; for one typical case we used 10 5 particles to test the reliability of our results. The satellites are represented either by a softened point mass or a Hernquist profile sampled by 10 4 particles. In the former case, the satellite is rigid with density profile represented by the spline function and so cannot be stripped. In the latter case all the dynamical processes are allowed in the N -body system. We vary the scale radius of the softening or the half-mass radius R h to change the concentration of the satellite in these two cases.
We carried out several sets of simulation differing in the host and satellite properties, in the satellite/host mass ratio M s /M h , and in orbital configurations. The orbital configuration is specified by the ratio ε ≡ J/J C (E), where J is the angular momenmtum of the satellite and J C (E) is that of the circular orbit with the same energy E as the satellite (Lacey & Cole 1993; Velázquez & White 1999) . The parameters for all the simulated host/satellite systems are summarized in Table 1 . In all the presentations, mass is in units of 10 11 M , time is in 10 years, and length is in 10 kpc. In all of our simulations, the masses of the host halos (M h ) are fixed at 2. The softening length of the host particles is 0.0136 and that of satellite particles is 0.0063. These softening lengths are set large enough to avoid two-body relaxation. This is also consistent with van Kampen (2000) who suggested that ε = 0.77r h N −1/3 , where r h is the half mass radius of the halo and N is the total number of particles. The time steps are set small enough for the energy to be conserved to an accuracy of Etot Etot < 1%. Note: Np denotes particle number of the halo, is the length scale for rigid satellites, 2.8 equals the radius of the spline sphere. R h is the half-mass radius for the Hernquist model, ε denotes the 'circularity' of the satellite orbit, which has been defined as ε ≡ J/J C (E), where J is the angular momentum of the satellites and J C (E) is that of a circular orbit of the same energy E (Lacey & Cole 1993; Velázquez & White 1999) . Ms/M h is the mass ratio of the satellite to the host.
MERGING TIME FOR RIGID SATELLITES
Models in series A and B all have satellites modeled by a softened point mass. These two series differ in the assumption about the density profile of the host halos: Modal A assumes a singular isothermal sphere while B assumes a Hernquist profile. These two series are designed to show how dynamical friction depends on the density profile of the host, on the concentration of the satellite and on orbital configuration.
We study the orbital decay of the satellite due to dynamical friction by analyzing the evolution of the orbital radius, defined as the distance between the center of the host and that of the satellite. The evolutions of the orbits are shown in Fig. 2 . We define the merging time to be the time when the orbital radius has shrunk to 0.1 of its initial value (i.e. 1 kpc).
According to Chandrasekhar (1943) , the dynamical friction is
where v is the satellite velocity, and the function B(χ) is defined as
where ln Λ ≈ ln(rv 2 /GM s ) is the Coulomb logarithm (see Binney & Tremaine 1987 , section 7.1). From this, one can calculate the merging time τ merg . Obviously, the merging time scale will depend on the orbital circularity ε. Lacey & Cole (1993) argued for a power-law dependence, τ merg ∝ ε α with α ∼ 0.78 for a satellite orbiting in a singular isothermal sphere. Figure 3 shows our results of the τ merg -ε relations for models in A and B series. Fitting the relations by a power law, we obtain α = 0.89 for series A, consistent with the results of Lacey & Cole (1993) . The power index we obtained for model B is slightly larger, α ∼ 1.24. No tidal effects are included in these simulations, so the orbit decay is only due to dynamical friction. In these panels ln Λ is calculated with Equation 6 for satellites in Model B1, B5 and B6, is softening of the satellite particle. Note the radius of the spline sphere h = 2.8 , and τ is the merging time of the investigated satellite observed in the simulations.
In the original derivation of the dynamical friction formula, Chandrasekhar assumed the satellite to be a point mass. This assumption may not hold for applications where the satellites are extended. This limitation of the original Chandrasekhar's formula was discussed by White (1976) , who suggested that the Coulomb logarithm for extended satellites should be replaced by
where M sat (r) is the mass profile and M sat is the total mass of the satellite. The upper limit of the integration d max is the maximum impact parameter, which is set to be the half mass radius of the host. To test the validity of White's formula, we consider models in series B, where the satellites are represented by softened particles with different sizes (see Table 1 ). In GADGET, the density profile of each particle is the spline function (Springel et al. 2001) , and so we also regard this function as the profiles of our softened satellites. The upper left panel of Fig. 4 shows the simulation results of merging time for satellites with different extensions. For comparison, we use Eq. (5) to calculate the corresponding Coulomb logarithms in Model B1, B5 and B6. Since the merging time scale should be proportional to 1/ ln Λ, the fact that the simulated merging time increases with the calculated 1/ ln Λ almost linearly (see the lowest panel of Fig. 4 ) implies that White's formula is valid.
RESULTS FOR NON-RIGID SATELLITES
In order to understand minor mergers in more realistic cases, we have carried out simulations with non-rigid satellites. In these models the satellite is modeled by the Hernquist halo with 10 4 particles. We now investigate the merging time and its dependence on tidal effects. In tidal interaction some part of the satellite mass may be stripped off during the merging. In order to study this we must identify the particles that are stripped off. We calculate the binding energy of each satellite particle in the potential well of the satellite and identify those with positive energies to be ones that have escaped from the satellite. Note that the binding energy is calculated using only particles that are still bound to the satellite. We iterate the procedure eight times to obtain stable membership (Sensui et al. 2002; Tormen et al. 1998 ). Figure 5 shows the time evolution of the orbit and mass of the satellite.
When tidal stripping is included in the merging process, the merging time scale is affected. In Fig. 6 we show the relation between the merging time and orbital circularity for the series C models. We see that the relation can still be fitted with a power-law, and the power index is about 1.7. The slope is different from what we obtained for rigid satellites. From Equation (3), one may think that tidal stripping should prolong the merging time scale, because it reduces the mass of the satellite and dynamical friction is proportional to the mass squared. This expectation would be correct, if the Coulomb logarithm remain to be the same and no other processes consume the orbital angular momentum of the satellite. When using Eq. (5) to calculate the Coulomb logarithms for the C series models, we indeed find that ln Λ is not larger than that in Models B1-B4. However, our simulations show an opposite result in the sense that the merging time is shortened (instead of prolonged) in the presence of tidal stripping. This interesting result is confirmed by simulation F1, whose resolution is 10 times higher than that of C series. Except the particle number, all other configurations of F1 are the same as that of C1. The orbital decay of C1 and F1 are compared in Fig. 7 . The shortening of the merging time scale of non-rigid satellites may be due to two causes. One is that with mass at the outer part stripped, the structure of the satellite becomes more concentrated, which has the effect of increasing the Coulomb logarithm. The other is that the stripped material has preferentially high orbital angular momentum, which accelerates the decay of the satellite orbit. In order to identify that the two effects are responsible for the effect we observed, we apply White's formula (equation (5)) to calculate ln Λ at each time step using the mass distribution of the satellite at the time. As expected, ln Λ increases with time (see Fig. 8 ) because tidal stripping makes the satellite more and more concentrated. However, the product of m sat (t) and ln Λ, which gives the dynamical friction in Chandrasekhar's dynamical friction formula, has no obvious trend in time. Thus, the change of merging time scale cannot be due to tidal truncation. In Chandrasekhar's dynamical friction formula, the predicted merging time scale is proportional to M −1 sat . In tidal stripping this scaling is expected to change. We examine such change using our simulations of Models C1, E1 and E2. In all these simulations both the host and the satellite have a Hernquist profile, and the orbital circularity are all set to be 1, the only difference is of the satellite mass (See Table 1 ). Although the samples are not large there is a clear correlation between the merging time scale and the initial mass of the satellite (Fig. 9) . A power-law fit to the correlation gives
with a power index only slightly different from −1.
Fig. 6
Relation between the merging time scale and the orbital circularity of satellites for Model C series compared with Model B1-B4. Squares are for Model B and diamonds for Model C. The dot and dashed lines are best fits for the data points. The relation can be fitted by a power law and the power index is indicated in the figure. The different slope comes from the mass distribution of the satellite and tidal stripping. Fig. 7 Orbital decay of the satellites in Model C1 and F1. The full line with dots refers to the satellite in C1, and the dashed line with squares, to Model F1. The numerical resolution of F1 is 10 times higher than that of C1, but the features of orbital decay of these two simulations are almost the same. Numerical effects do not play a role in shortening the merging time of non-rigid satellites.
In addition to merging time we also explore other issues associated with tidal effects from our merging simulations. The structural properties of the satellites and the mixing of the stripped material in the host halos are investigated with models of series C, D and E. In Fig. 5 , the squares connected by dashed lines show the mass decay of the merging satellites. With mass stripped, the structure of the satellite is expected to change. Hayashi et al. (2002) presented their simulation results on the structure evolution of NFW sub-halos subjected to tidal stripping by host halos. They proposed a fitting formula to describe the density profile of the stripped sub-halos,
where f t is a dimensionless measure of the reduction in central density, and r te is an 'effective' tidal radius. Following their suggestion we fit the density profiles of our stripped satellites with a similar function,
Here, we replace ρ NFW (r) by ρ origin (r), the original density profile of the satellite. As one can see from Fig. 10 , this fitting formula gives a remarkably good description of our data. An important quantity describing tidal stripping is the tidal radius. In our simulations, we find that the tidal truncation is not sharp, and the density goes only slowly to zero in the outer region. Because of this, we define a tidal radius at which the density of the bound part is reduced by a factor of 2. This definition has a more physical meaning: the tidal radius so defined is closely correlated with the local density of the host at the location of the satellite. As shown in Fig. 11 , this correlation follows closely the relation
where m(t) is mass of the satellite at time t, M (r) the mass profile of the host (e.g. Weinberg 1994), l t the tidal radius and r the orbit radius of the satellite at time t. Fig. 10 Evolution of density profile of satellites. The X-axis represents radius and the Yaxis represents density. Each row is plotted for one model, and the three panels are taken at different time, when the merger happens at the very beginning, at the halfway time, and just before the satellite is disrupted. In each panel, the circles denote the density distribution of the bound satellite. The dashed line shows the original profile. The solid line curves the best fitting with Equation 10. The dashed-dot line shows the distribution of the stripped mass. The short vertical line points to the tidal radius as we defined. In a model considered by Maller & Dekel (2002) , it is assumed that as material is stripped from a satellite the stripped material is added to the halo, retaining its angular momentum. In this case the angular momentum of a stripped particle should be equal to the orbital angular momentum of the satellite at the time when it is stripped. We can examine whether or not this assumption is correct by plotting the angular-momentum distribution of the particles that are stripped over the time between two successive snapshots. The distribution appears to show double peaks, one located at a value slightly lower than the current orbital angular momentum of the bound satellite, and the other, at a significantly higher value (See Figure 12) . The ratio between the average specific angular momentum of the stripped particles and that of the Fig. 11 Correlation between the tidal radius and the distance from the host center to the satellite. Here r is the orbital radius of the satellite, Msat the mass of the bound satellite, M host the mass of the host halo within r, and lt the tidal radius as we defined. retained particles is about 1.2, meaning that the satellite loses orbital angular momentum due to stripping. This is the reason why the non-rigid satellites in Model C sink into the halo center faster than rigid ones in Model B. Identifying the particles contributing to these two peaks, we find that the lower angular momentum particles are stripped from the side facing the center of the host, while the higher angular momentum peak is dominated by particles stripped from the back side of the satellite (see Fig. 13 ). The low angular momentum particles are sinking towards the host center, while the high angular momentum particles form a tail-like structure spiraling at larger radii. Fig. 13 This snapshot is taken at t = 30 for model C1. The red spots show the escaping particles with low angular momentum at this time, and the black spots show the escaping particles with high angular momentum. The green points are the bound particles. The blue diamond marks the center of the host.
CONCLUSIONS AND DISCUSSION
In this paper we present results of controlled numerical experiments of minor mergers, focusing our attention on merging time and tidal effects. We confirm the power-law relation between the merging time scale and the circularity of satellites. We find the power index depends on the mass distribution of the host halo. For non-rigid satellites, the merging time scale also depends on the initial mass of the satellite as a power-law. An interesting point is that a satellite which can be stripped falls into the center of the host faster than a rigid one. Using White's (1976) model on the Coulomb logarithm, we can rule out structural evolution of the satellite as the cause of this phenomenon. We also find that tidal interaction can launch a significant amount of high angular momentum material from the satellite, accelerating the orbital decay of the satellite.
We also studied the structural properties of the satellites during the merger process. We define a tidal radius which has a close correlation with the location of the satellite in its host and the satellite/host mass ratio. This result is useful in determining the size and the mass of merging satellites.
